. Unlike in animals and fungi, where the biogenesis of these noncoding RNAs is initiated by Pol-II, in plants they are generated by two plant-specific RNA polymerases, Pol-IV and Pol-V. These polymerases evolved from Pol-II 3, 4 and are central to the RNAdirected DNA methylation (RdDM) pathway 5, 6 . Briefly, Pol-IV generates short single-stranded RNAs 7, 8 that are copied into double-stranded RNAs by RNA-DEPENDENT RNA POLYMERASE 2 (RDR2) and cleaved into 24nt-siRNAs by DICER-LIKE PROTEIN 3 (DCL3) 9 . These 24nt-siRNAs are then loaded into ARGONAUTE (AGO) effector complexes, including AGO4, AGO6 and AGO9 10 . Pol-V generates longer noncoding transcripts 11 that serve as scaffolds for the recruitment of additional RdDM factors, including 24nt-siRNA-loaded ARGONAUTE proteins [12] [13] [14] . Ultimately, these interactions lead to the recruitment of DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) 15, 16 and the deposition of DNA methylation throughout the genome.
Once established, maintenance pathways take over to ensure the faithful inheritance of DNA methylation patterns 5 . Despite the existence of robust maintenance pathways, DNA methylation patterns are not static and can differ between cell types [17] [18] [19] [20] [21] [22] , tissues [23] [24] [25] [26] and even generations, depending on the organism 27 . The processes through which such differences in DNA methylation profiles arise, or are modulated during development, remain poorly understood. Yet they are clearly important, as aberrant patterns of DNA methylation can result in developmental defects in plants 28, 29 and are associated with numerous diseases in humans, including cancer 30, 31 . To gain insight into the regulation of DNA methylation patterns, we investigated the functions of four SNF2-related, putative chromatin remodeling factors, CLSY1-4, in connection with the Pol-IV and SAWADEE HOMEODOMAIN HOMOLOG1 (SHH1) [32] [33] [34] [35] components of the RdDM pathway. CLSY1, the founding member of the CLSY family, was initially identified from a genetic screen for the spreading of gene silencing and was linked to Pol-IV function on the basis of reduced 24nt-siRNA levels at several genomic loci and immunolocalization experiments 36 . Consistent with these observations, CLSY1 was subsequently found to copurify with Pol-IV 33, 35 and SHH1 33 , to facilitate de novo DNA methylation 37 , and to play a weak role in controlling DNA methylation at RdDM targets 38 . However, the global effects of clsy1 on 24nt-siRNA levels, the functional connections between CLSY1, SHH1 and Pol-IV, and the effects of clsy1 on DNA methylation patterns and gene silencing remain to be determined in an in-depth manner. Furthermore, the roles of CLSY2, CLSY3 and CLSY4, which also copurify with Pol-IV, remain completely unknown.
Results
The CLSY family controls 24nt-siRNA levels in a locus-specific manner. To examine the roles of the CLSY family in the RdDM pathway, we obtained T-DNA insertion mutants for each CLSY gene. Gene expression profiling in these mutants confirmed disruption of the corresponding transcripts and demonstrated that there were no obvious compensatory gene expression effects observed between family members (Supplementary Fig. 1a and Supplementary Table 1 ). The effects of these mutations on 24nt-siRNAs were then determined by small RNA profiling (Supplementary Table 2 ) and compared to those seen in a Pol-IV mutant (nrpd1, hereafter termed pol-iv) as well as three wild-type controls. After determining loci that produce small RNAs, considering both uniquely and multi-mapping reads ( Supplementary Fig. 1b and Supplementary  Table 3 ), a core set of 13,253 24nt-siRNA clusters was identified using ShortStack 39 (Supplementary Tables 3 and 4a ). These core clusters were detected in all three wild-type replicates and account for more than 92% of the mapped 24nt-siRNAs in each experiment ( Supplementary Fig. 1c ). As expected from previous studies 40, 41 , the expression of these 24nt-siRNA clusters is highly dependent on Pol-IV ( Supplementary Fig. 1d ,e). In each clsy mutant largely nonoverlapping subsets of reduced 24nt-siRNA clusters were identified using DESeq2 42 (fold change (FC) ≥ 2 and false discovery rate Table 4 ). The clsy1 mutant affected the most 24nt-siRNA clusters, while clsy3 and clsy4 displayed an intermediate effect, and clsy2 only affected a small number of loci (Fig. 1a) . Quantification of 24nt-siRNA levels over these reduced 24nt-siRNA clusters showed strong decreases that were specific to each mutant and approached the levels observed in the pol-iv mutant ( Fig. 1b and Supplementary  Fig. 1g ). Further attesting to the robustness of these phenotypes, similar results were observed using only uniquely mapping reads ( Supplementary Fig. 1h ) or using data from an independent biological replicate ( Supplementary Fig. 1i ). In addition to depending on different CLSY family members, these four groups of 24nt-siRNA clusters also differed in their wild-type expression levels ( Fig. 1b and Supplementary Fig. 1g ), as well as their size ( Supplementary  Fig. 1j ), which may contribute to their differential regulation. In total, the clsy-dependent 24nt-siRNA clusters identified here represent approximately 25% of the 24nt-siRNA-producing loci genomewide (Fig. 1a) , which account for 62.7% of all the 24nt-siRNAs present in wild-type plants ( Supplementary Fig. 1k ). Similar differential expression analyses for 21nt-and 22nt-siRNA clusters, which include microRNAs, identified essentially no downregulated clusters (Supplementary Table 5 ). Taken together, these findings demonstrate that the CLSY proteins act as potent, locus-specific regulators of 24nt-siRNA expression.
To determine whether the 24nt-siRNA clusters regulated by the clsy single mutants represent the totality of loci controlled by these factors, we generated all six combinations of clsy double mutants and determined their small RNA profiles and reduced 24nt-siRNA clusters (Fig. 2a,b, Supplementary Fig. 2a,b and Supplementary  Table 4 ). This identified two double mutants (clsy1,2 and clsy3,4) that showed clear synergistic relationships, affecting more loci (Fig. 2a) and displaying stronger reductions in 24nt-siRNA levels relative to their respective single mutants (Fig. 2b) . Notably, these findings are consistent with previous phylogenetic analyses, as CLSY1 and CLSY2 form one subgroup while CLSY3 and CLSY4 form another 36 .
As observed for 24nt-siRNA clusters dependent on individual CLSY proteins, the reductions in 24nt-siRNAs observed at the clsy1,2-and clsy3,4-dependent clusters were largely specific to the corresponding mutants ( Fig. 2b and Supplementary Fig. 2c ). In total, these clsy double mutants control 67% of all 24nt-siRNA clusters (Fig. 2c) , which equates to 88% of all 24nt-siRNAs present in wild-type plants ( Supplementary Fig. 2d ), highlighting a second layer of locus-specific regulation that relies on distinct pairs of CLSY proteins.
To further examine the relationship between the clsy1,2-and clsy3,4-dependent 24nt-siRNA clusters, we determined their overlap with each other and their genomic distributions. Not only do these CLSY pairs regulate mutually exclusive sets of 24nt-siRNAs clusters (Fig. 2c) , they also show preferential enrichment for chromosome arms (clsy1,2-dependent clusters) or pericentromeric heterochromatin (clsy3,4-dependent clusters), indicating a striking distribution of labor amongst the CLSY family ( Fig. 2d and Supplementary Fig. 2e) . Notably, the remaining pol-iv-dependent 24nt-siRNA clusters, which were not significantly affected in either double mutant, showed an even more extreme partitioning within the genome, with 78% residing in pericentromeric heterochromatin ( Fig. 2d and Supplementary Fig. 2e ). These clusters are 
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NAtuRe GeNetICS expressed at low levels ( Supplementary Fig. 2c,d) , and, like the clsy3,4-dependent 24nt-siRNA clusters, they tend to be larger ( Supplementary Fig. 2f ). To determine whether these remaining loci are redundantly controlled by all four CLSY proteins, we generated a clsy quadruple mutant. In this mutant, greater than 98% of all pol-iv-dependent 24nt-siRNA clusters were reduced ( Fig. 2e ) and the levels of 24nt-siRNAs at these clusters were near zero (Fig. 2f) . Finally, we confirmed the effects and locus specificities of the clsy single, double and quadruple mutants on 24nt-siRNA levels with additional mutant alleles for all four CLSY genes ( Supplementary Fig. 3 ) Together, these findings demonstrate that the four CLSY proteins act individually as highly locus-specific regulators of 24nt-siRNAs and together as the master regulators of essentially all Pol-IV-dependent 24nt-siRNAs.
The CLSY family controls global DNA methylation patterns.
To assess the effects of the clsy-dependent 24nt-siRNA losses on DNA methylation patterns, we conducted whole-genome bisulfite sequencing experiments (Supplementary Table 6 ). In Arabidopsis, the patterns of DNA methylation can be broadly classified into two categories 43, 44 : methylation at transposons and repeats, which is established via the RdDM pathway and occurs in all sequence contexts (CG, CHG and CHH, where H = A, T or C), and gene body methylation, which is restricted to the CG context and is established via mechanisms that remain poorly understood 45 . Thus, to best evaluate the roles of the clsy mutants, we determined differentially methylated regions (DMRs) for each genotype independently for the CG, CHG and CHH contexts (FC ≥ 40%, 20% or 10% for CG, CHG and CHH DMRs, respectively, relative to three wild-type controls with an FDR ≤ 0.01; Fig. 3a and Supplementary Table 7) . Consistent with roles for the CLSY family in RdDM, this analysis showed a high degree of overlap between hypomethylated DMRs and reduced 24nt-siRNA clusters, especially for non-CG DMRs in the clsy double and quadruple mutants (Fig. 3a) . Furthermore, even at DMRs that did not overlap with 24nt-siRNA clusters defined as being reduced, the 24nt-siRNA levels were still decreased ( Supplementary Fig. 4) . Thus, at non-CG DMRs, reduced DNA methylation was highly correlated with 24nt-siRNA losses. In contrast, a similar analysis at CG DMRs showed minimal overlap with reduced 24nt-siRNA clusters in the clsy mutants (Fig. 3a) and revealed that the vast majority of these regions had few to no 24nt-siRNAs ( Supplementary Fig. 4 ), suggesting they likely represent natural variation in methylation at body-methylated genes rather than defects in targeting methylation at RdDM loci. Nonetheless, the small subset of CG DMRs that do overlap with reduced 24nt-siRNA clusters ( Supplementary Fig. 4a ) showed a clear reduction 
NAtuRe GeNetICS in 24nt-siRNAs, nearly phenocopying pol-iv mutants. Together, these comparisons identify the subset of loci where reductions in 24nt-siRNA levels result in the most significant changes in DNA methylation for each sequence context.
As expected, given the presence of pathways controlling the maintenance of DNA methylation in the CG and CHG contexts 5 , the largest effects on DNA methylation observed in the RdDM mutants were in the CHH context. Consistent with their 24nt-siRNA phenotypes, each clsy single mutant affected DNA methylation at largely distinct sets of DMRs. Once again, clsy1 was the strongest with 1,238 CHH DMRs, clsy3 and clsy4 had 338 and 161, respectively, and clsy2 was the weakest with just 74 (Fig. 3a,b and Supplementary Fig. 5a ). Further paralleling the effects observed for 24nt-siRNAs, the clsy double mutants showed additive effects at mutually exclusive sets of CHH DMRs (Fig. 3a,c ) and the quadruple mutant showed the strongest effect, overlapping with > 90% of the CHH DMRs identified in the pol-iv mutant (Fig. 3a,d ). Quantification of DNA methylation at all the non-CG DMRs ( Fig. 3e and Supplementary Fig. 5b ), as well as the CG DMRs overlapping with reduced 24nt-siRNA clusters ( Supplementary  Fig. 5c ), showed the strongest reductions in DNA methylation in the corresponding mutant backgrounds. In addition, quantification of DNA methylation levels at all the reduced 24nt-siRNA clusters, not just those corresponding to DMRs, highlighted similar trends: CG methylation levels were minimally affected, while stronger reductions were observed in the non-CG contexts in a genotype-specific manner ( Supplementary Fig. 5d ). Together, these findings demonstrate that the locus-specific reductions in 24nt-siRNA levels observed in the clsy single, double and quadruple mutants result in locus-specific decreases in DNA methylation.
The CLSY family is required for DNA methylation-mediated silencing. Given the known roles of DNA methylation in gene silencing, we conducted transcriptome profiling experiments to identify RdDM targets upregulated in pol-iv and clsy mutants (Supplementary Tables 1, 8 and 9 ). These analyses identified a total of 177 genes, repeats and unannotated transcripts upregulated at least twofold in pol-iv mutants. Although the clsy single mutants displayed weak expression phenotypes, at least one locus regulated predominantly by each mutant was identified (Fig. 4a , Supplementary Fig. 6a and Supplementary Table 9 ). Of these single mutants, clsy4 was by far the strongest. However, the vast majority of pol-iv loci were redundantly controlled by all four CLSY proteins, as the clsy quadruple mutant regulated approximately 50% of all pol-iv upregulated loci and nearly 80% of those were at least fivefold upregulated ( Fig. 4a and Supplementary Table 9 ). To determine the extent to which the observed changes in gene expression correlate with altered 24nt-siRNA and DNA methylation profiles, we plotted these features side by side for all 177 loci (± 2 kb) in the pol-iv and clsy quadruple mutants (Fig. 4b ). On aggregate, these loci showed lower levels of 24nt-siRNAs and DNA methylation. For approximately half of the genes, as well as the majority of unannotated transcripts and repeats, discrete regions with more strongly reduced 24nt-siRNAs and DNA methylation levels were apparent either within the transcript itself or in the flanking 2-kb regions (Fig. 4b) . Indeed, further characterization of these loci showed a high degree of overlap (80-100%) with the previously identified reduced 24nt-siRNA clusters and hypomethylated DMRs ( Supplementary  Fig. 6b ,c and Supplementary Tables 4 and 7) . In contrast, similar reductions were not observed in the clsy2 single mutant, which was the weakest mutant overall and thus served as a negative control 
% overlap DMR vs. 24nt-siRNAs Supplementary Fig. 5a . e, Box plots showing the levels of CHH methylation at the hypomethylated CHH DMRs identified in each clsy single, double or quadruple mutant as compared to each other, WT controls and pol-iv. These box plots represent a single experiment including three independent WT controls.
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( Supplementary Fig. 6d ). Nonetheless, as in the pol-iv and clsy quadruple mutants, two of the three loci upregulated in the clsy2 mutant were associated with reduced 24nt-siRNA clusters and hypomethylated DMRs (Supplementary Fig. 6e ). Together, these findings support the conclusion that these upregulated loci in the clsy mutants are normally silenced by DNA methylation that is controlled by the RdDM pathway.
As an additional test of the CLSY specificities, their roles in the establishment of DNA methylation were assessed using a wellvetted de novo methylation assay involving the transformation of an unmethylated FWA transgene into each mutant background 46 . In this assay, failure to methylate and silence the incoming transgene results in an increase in the number of leaves produced before flowering. Compared to the untransformed controls, several of the FWA-transformed clsy mutants showed delayed flowering (Fig. 4c) . In addition to the clsy1 mutant, which was previously shown to display a late-flowering phenotype in FWA assays 37 , clsy2 mutants also showed a slight delay, while the clsy3 and clsy4 mutants flowered at or near the normal number of leaves. This phenotype was enhanced in the clsy1,2 double mutant, which flowered nearly as late as the clsy quadruple and pol-iv mutants. Notably, the specificities observed for this de novo assay match those observed at the endogenous FWA gene, where 24nt-siRNA production depends on CLSY1 and CLSY2 (Fig. 4d) . These findings represent the first examples wherein bona fide components of the RdDM pathway (namely, CLSY3 and CLSY4) are not required to establish methylation in the FWA de novo assay and demonstrate that the locus specificity observed for the CLSY family extends to the establishment phase of the RdDM pathway.
The CLSY family is required for Pol-IV chromatin association. To gain mechanistic insights into the roles of the CLSY proteins, we determined the enrichment of Pol-IV at 24nt-siRNA-producing loci by chromatin immunoprecipitation and sequencing (ChIP-seq) experiments using a previously characterized tagged Pol-IV line (pNRPD1::NRPD1-3xFLAG 34 ) crossed into various clsy mutant backgrounds (Supplementary Table 10 ). In a wild-type background, Pol-IV was enriched at all classes of clsy-dependent 24nt-siRNA clusters and, consistent with previous Pol-IV ChIPseq experiments 34 , Pol-IV was most enriched at highly expressed 24nt-siRNA clusters (e.g., clsy1-dependent loci) and less enriched at clusters with low expression (e.g., clsy4-dependent loci) (Fig. 5a ). In the clsy1,2 or clsy3,4 mutant backgrounds, Pol-IV enrichment was specifically reduced at the loci regulated by these factors, and in the clsy quadruple mutant, Pol-IV enrichment was depleted at all 24nt-siRNA loci ( Fig. 5b and Supplementary Fig. 7a,b) Articles NAtuRe GeNetICS Fig. 7c ). For the clsy2 mutant, for which only a few reduced 24nt-siRNA clusters were identified (n = 45), or the clsy4 mutant, for which the reduced 24nt-siRNA clusters are expressed at low levels even in wild-type plants (Fig. 1b) , global reductions were difficult to observe. However, individual examples of Pol-IV reduction in these mutants were identified ( Supplementary Fig. 7d ), and in both cases these weaker mutants (clsy2 and clsy4) enhanced their stronger mutant counterparts (clsy1 and clsy3, respectively; Supplementary  Fig. 7a ). Taken together, these findings demonstrate that the CLSY proteins are required for the locus-specific association of Pol-IV at chromatin.
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The CLSY proteins rely on different chromatin modifications.
In addition to the CLSY family, one other Pol-IV-associated factor, the histone H3 Lys9 (H3K9) methylation reader SHH1, is known to regulate 24nt-siRNA expression and function at the level of Pol-IV chromatin association [32] [33] [34] [35] . Consistent with previous results 33, 34 , 24nt-siRNA profiling showed that ~50% of the core 24nt-siRNA clusters were at least twofold reduced in shh1 mutants (Supplementary  Table 4t ). Comparison of shh1-dependent 24nt-siRNA clusters and hypomethylated CHH DMRs with those identified in the clsy1,2 or clsy3,4 double mutants shows a nearly complete and highly specific overlap between shh1 and clsy1,2 ( Fig. 6a-d) , highlighting a genetic connection between these factors. Further supporting this relationship, analysis of 24nt-siRNA levels over all pol-iv-dependent clusters demonstrated that shh1 and either the shh1,clsy1 double or the shh1,clsy1,2 triple mutants have similarly reduced 24nt-siRNA levels, while the shh1,clsy3,4 triple mutant phenocopies the clsy quadruple and pol-iv mutants (Fig. 6e) . In light of these findings, we tested the hypothesis that CLSY1 and CLSY2 are required for the association of SHH1 with Pol-IV in vivo by a series of coimmunoprecipitation experiments. This interaction was indeed specifically disrupted in clsy1,2 mutants, with less than ~12.5% of the wild-type level of NRPD1, the largest subunit of Pol-IV, copurifying with SHH1 ( Fig. 6f and Supplementary Fig. 8 ). Given the known connections between SHH1 and H3K9 methylation, we also determined the dependence of 24nt-siRNA production at CLSY1-and CLSY2-regulated loci on H3K9 methylation. In the suvh4,5,6 triple mutant, where H3K9 methylation levels are globally reduced but not eliminated 47 , 24nt-siRNA levels at clsy1,2-dependent but not clsy3,4-dependent loci were significantly reduced ( Fig. 6g and Supplementary Fig. 9 ). As the reductions in 24nt-siRNA levels in the suvh4,5,6 mutant were not as strong as those observed in the clsy1,2 and shh1 mutants, we used publicly available data 48 to further investigate the relationship between the residual H3K9 dimethylation and 24nt-siRNA abundances in this mutant. At clsy1,2-dependent loci, regions that retain more H3K9 dimethylation in the suvh4,5,6 mutant also retained more 24nt-siRNAs ( Supplementary Fig. 9a,b) , further supporting the notion that 24nt-siRNAs at these loci are regulated in an H3K9 methylation-dependent manner. Finally, consistent with previous observations that H3K9 methylation depends on CG methylation 47, 49, 50 , 24nt-siRNA levels at clsy1,2-dependent loci were also reduced in the met1 and ddm1 mutants (Fig. 6g) . Although some roles for CG methylation independent of H3K9 methylation cannot be excluded, these findings support a model in which CLSY1 and CLSY2 mediate the interaction between SHH1 and Pol-IV to control 24nt-siRNA production at clsy1,2-dependent loci in a highly H3K9 methylation-dependent manner.
Alternatively, the genetic interactions between shh1, suvh4,5,6 and the clsy mutants demonstrate that CLSY3 and CLSY4 facilitate Pol-IV function independent of both SHH1 and H3K9 methylation ( Fig. 6 and Supplementary Fig. 9c,d) . Thus, we sought to determine whether CLSY3 and CLSY4 rely on any other epigenetic features to facilitate Pol-IV localization. To this end, 24nt-siRNA levels at clsy3,4-dependent loci were profiled in mutants controlling DNA methylation in all three contexts (drm1,2, cmt2 and cmt3), as well as mutants controlling the deposition of several known repressive histone modifications (suvh4,5,6 and atxr5,6; Supplementary Table 2) . Of these mutants, only those affecting methylation in the CG context, ddm1 and met1, showed significantly reduced 24nt-siRNA levels (Fig. 6g) , demonstrating that 24nt-siRNA production at loci controlled by CLSY3 and CLSY4 depends on CG methylation. However, it remains unknown whether these CLSYs rely directly on CG methylation or whether they instead depend on other chromatin modifications or heterochromatin features that, like H3K9 methylation, rely on CG methylation.
Discussion
A major unanswered question in the field of epigenetics is how specific patterns of DNA methylation are generated and modulated-a critical step in deciphering epigenetic processes in both normal development and disease. As Pol-IV 'kicks off ' the RdDM pathway by initiating the biogenesis of 24nt-siRNAs, which ultimately guide DNA methylation in a sequence-specific manner, understanding the regulation of this polymerase is essential to determining how specific DNA methylation patterns are generated. Previously, we identified the CLSY proteins as components of the Pol-IV complex(es) 35 , and here we show they act as locusspecific regulators of both 24nt-siRNA production and DNA methylation. This locus-specific behavior differs from previously characterized RdDM factors, as none rival the degree or comprehensive nature of the specificities displayed by the CLSY family. Overall, these findings not only shed light on the regulation of Pol-IV, but also uncover a long-sought layer of complexity within the RdDM pathway that enables the locus-specific control of DNA methylation patterns.
Investigation into the locus-specific behavior of the CLSYs indicated that different chromatin modifications are required for Supplementary Table 10 ). The asterisks indicate that these lines are also homozygous for both the NRPD1-3xFLAG transgene and the nrpd1 mutation.
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NAtuRe GeNetICS the production of 24nt-siRNAs depending on the CLSY proteins involved. For loci regulated by CLSY3 and CLSY4, CG methylation is required, but the connections (direct or indirect) between CG methylation and CLSY3 and CLSY4 remain to be elucidated. Perhaps further characterization of factors such as HISTONE DEACETYLASE 6, which participate in both the CG methylation and RdDM pathways 51, 52 , will shed light on these connections. For loci regulated by CLSY1 and CLSY2, our analyses provide a direct link to H3K9 methylation, as these two CLSY proteins are required for the association between the H3K9 methylation reader, SHH1, and the Pol-IV complex. Finally, for the remaining loci that are redundantly controlled by all four CLSYs, it remains unclear whether different modes of regulation are employed, as these 24nt-siRNA clusters are expressed at low levels in all mutants tested (Fig. 6g) . Together, these results show that specific chromatin features, including, but not limited to, CG and H3K9 methylation, can be leveraged to generate locus-specific control over DNA methylation. Indeed, such mechanisms appear to be conserved between plants and animals, as a similar, though less locus-specific, mechanism was recently identified in Drosophila wherein the core transcriptional machinery was shown to be linked to repressive histone marks in connection with the H3K9me3 reader, Rhino 53 . Furthermore, given the widespread conservation of SNF2 chromatin remodeling factors in general and the specific conservation of the CLSY family in crops including rice 54, 55 and maize 54 , we anticipate that our findings will be informative for understanding the mechanisms governing the establishment of specific DNA methylation patterns in diverse organisms. 
clsy3,4-dep clusters n = 1,739
Remaining pol-iv-dep clusters n = 4,264
clsy quad * * * * * * * * showing the levels of 24nt-siRNAs at the reduced 24nt-siRNA clusters identified in the clsy double mutants (b,g) or pol-iv single mutant (e) in the genotypes indicated below. In g, *P < 2.2 × 10 −16 calculated using a Wilcoxon sum test relative to the WT_avg control for all samples except met1, which was calculated relative to the MET1-WT control. P > 0.05 for all other samples. These box plots represent a single experiment including three independent WT controls. d, Box plot showing the levels of CHH methylation at the hypomethylated CHH DMRs identified in the shh1 single mutant as compared to the clsy double mutants and pol-iv mutant. This box plot represents a single experiment including three independent WT controls. f, Cropped western blots showing the levels of NRPD1-3xFLAG or SHH1-3xMyc from coimmunoprecipitation (co-IP) experiments in the genetic backgrounds indicated above each lane. For each blot the antibody used is indicated in the upper right corner and the sizes of the protein markers are indicated on the left. An asterisk marks a background band present in the anti-Myc IP, and the bands corresponding to the NRPD1-3xFLAG and SHH1-3xMyc proteins are marked with arrows. For the IP titrations, the gradient triangles represent a series of twofold dilutions starting from undiluted IP samples. Uncropped images are shown in Supplementary Fig. 8. and suvh4,suvh5,suvh6 (suvh4,5,6 ; SALK_41474, GABI-Kat 263C05, Garlic_1244_ F04.b.1a, respectively) 66 . The pNRPD1::NRPD1-3xFLAG and pSHH1::SHH1-3xMyc transgenic lines were previously characterized by Law et al. 35 .
Small RNA isolation, library preparation, sequencing and data processing. Small RNA isolation. Four unopened flower buds (stage 12 and younger) from individual mutant plants as well as three individual wild-type (WT) controls were collected, frozen in liquid nitrogen and kept at -80 °C until use. The total RNA extraction and small RNA (smRNA) enrichment were performed as previously described 67 with the following minor modifications: (1) for the smRNA enrichment step an equal volume of 20% polyethylene glycol 8000/2 M NaCl was added to each total RNA sample and (2) the ZR-small RNA ladder (Zymo Research, cat. no. R1090) was used to determine the gel region corresponding to the 17-29 nucleotide (nt) size range. The resulting smRNAs were then used for library preparation with the NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England Biolabs, cat. no. E7300) following the user's manual. The final library products were further purified using an 8% polyacrylamide gel to excise 130-to 160-nt products relative to the pBR322 DNA-MspI Digest ladder (New England Biolabs, cat. no. E7323AA). The libraries were pooled and sequenced (single-end 50-bp, SE50) on a HiSeq 2500 machine (Illumina).
Small RNA data processing and mapping. The adaptor sequences in the demultiplexed smRNA sequencing reads were trimmed using cutadapt (v1.9.1) and reads longer than 15 nt were kept for further analyses 68 . The trimmed smRNA reads were then mapped to the Arabidopsis genome (TAIR10) using ShortStack (v3.8.1) 39 , allowing one mismatch (--mismatches 1) and employing either the multi-mapping mode (--mmap f) or the no-multi-mapping, none mode (--mmap n). Subsequently, a custom JSON filter (JSON_findPerfectMatches_ and_TerminalMisMatches_v3) was employed to keep only perfectly matching reads and reads with a single mismatch at their 3′ terminus, as such mismatches were recently identified as a feature of Pol-IV-dependent RNAs 7 . The smRNA reads passing this custom filter were then used to call smRNA clusters using ShortStack with the --mincov 20, pad 100, --dicermin 21 and --dicermax 24 options. The number of 21-to 24-nt smRNA clusters identified were extracted using a custom perl script (splitpancakesbysize_shortStack_v3.8.1.pl) and are presented in Supplementary Table 3 . To facilitate further analysis, the smRNA reads passing the JSON filter (bam file format) were used to generate a 'tag directory' using the makeTagDirectory script from the HOMER (Hypergeometric Optimization of Motif EnRichment) package 69 . The tag directory was then split into sub-tag-directories by smRNA size (20-25 nt) using a custom perl script (splitTagDirectoryByLength.dev2.pl).
Differential expression analysis.
To identify a core set of 24nt-siRNA clusters in WT plants, common clusters from three WT replicates (WT_1, WT_2 and WT_3) were determined and the overlapping regions of each cluster were kept and merged using the mergePeaks.pl script from HOMER. All differential expression analyses were conducted with these core clusters using DESeq2 42 as follows: First, the raw read counts (24 nt) for each cluster in each genotype, including all the corresponding WT controls, were calculated using annotatePeaks.pl script (-raw -len 1) from HOMER. These read counts were then normalized using DESeq2 with modifications to the size factor estimation to relate counts to total mapped reads (i.e., smRNA reads of all sizes passing the JSON filter) rather than reads associated with specific features (for example, 24-nt reads) as follows. First, size factors were calculated for all the WT replicates using the DESeq2 default method. Then these values were compared against the corresponding number of total mapped reads to derive an average number of mapped reads per size factor unit. With this average value, the number of mapped reads per sample was used to calculate the size factors for the individual mutants. The derived size factors and the matrix of raw read counts for each cluster in all the mutants, as well as the WT replicates, were then used as the input for DESeq2 to call mutant-dependent differential expression of 24nt-siRNA clusters (fold change (FC) ≥ 2, false discovery rate (FDR) ≤ 0.01). For 21-nt and 22-nt smRNAs, core clusters for each size class were determined as describe above and reduced clusters were identified using DESeq2 (FC ≥ 2 and FDR ≤ 0.01).
Visualization and analysis of 24nt-siRNA levels. Downstream analyses were performed using HOMER and other tools as described below. Genome browser tracks of 24nt-siRNAs were generated using the HOMER makeUCSCfile script (-fragLength 24 -norm 10000000). For each box plot, normalized smRNA read counts for the specified 24nt-siRNA clusters were calculated using the HOMER annotatePeaks.pl script (-rpkm -len 1) and the box plot was drawn in R using RStudio (v1.0.136). For each heat map, the HOMER annotatePeaks.pl script (-size 10000, -hist 600, -ghist and -len 24) was used to calculate the values for each set of 24nt-siRNA clusters. A pseudocount of 1 was then added to all the data, which were then log 2 transformed and visualized using the Morpheus online tool. To generate the Venn diagrams, the unique identifiers of each mutant-dependent 24nt-siRNA cluster were imported and visualized using online tools for unscaled (Venny 2.1) or scaled (VennMaster 70 ) Venn diagrams. For the chromosome-wide views of reduced 24nt-siRNA clusters, the pericentromeric heterochromatin genomic features were marked in the IGV genome browser according to previously published regions 56 and the distribution of mutant-dependent reduced 24nt-siRNA clusters was determined by bedmap 71 (--count --bp-ovr 1) in 100-kb bins.
DNA isolation, MethylC-seq library construction, sequencing and data processing. DNA isolation. Unopened flower buds (0.1 g; stage 12 and younger) were collected from the same individual plants as used for the smRNA-seq analyses and genomic DNA was isolated using the DNeasy Plant Mini Kit (Qiagen, cat. no. 69104). Purified genomic DNA (2.0 μ g) was then used to generate MethylCseq libraries as described by Li et al. 72 . The resulting libraries were pooled and sequenced (single-end 50 bp, SE50) on a HiSeq 2500 machine (Illumina).
MethylC-seq data processing. MethylC-seq reads were trimmed and analyzed using BS-Seeker2 (v2.0.9). Briefly, reads were mapped against the C-to-T converted TAIR10 reference genome using the bs_seeker2-align.py script with the Bowtie aligner, allowing two mismatches (-m 2). Clonal reads were removed using the MarkDuplicates function in Picard Tools (see URLs). The mapped reads were then used to calculate the methylation level at each cytosine using the bs_seeker2-call_methylation.py script, requiring a minimum coverage of four reads (-r 4). From these analyses, the mappability, coverage, global percentage of CG, CHG and CHH methylation levels, and nonconversion rates for each library were determined (Supplementary Table 6 ). In addition, wiggle (wig) files showing the percentage of CG, CHG and CHH methylation for each genotype at single nucleotide resolution were generated with a custom perl script (Bsseeker2_2_wiggleV2.pl) using the BS-Seeker2 Cgmap output files.
DMR calling.
To call differentially methylated regions (DMRs), several custom perl scripts were used (Bsseeker2_methylCall2Cytosine.pl, CytosineTo100bpBin. pl, GetOnlyCommonBins.pl, DMRFtestFDR.R, SplittingDMRs.pl and SplittingDMR2Bed.pl). These scripts identified DMRs in the CG, CHG or CHH contexts from pair-wise comparisons between each mutant and three independent WT datasets in 100-bp non-overlapping bins using the following criteria: (1) only bins with ≥ 4 cytosines in the specified context were included, (2) only bins in which there was sufficient coverage in both genotypes being compared were included (i.e., ≥ 4 reads over the required 4 cytosines in the specific context), and (3) only bins with a fold change of 40%, 20% or 10% methylation in the CG, CHG and CHH contexts, respectively, with an adjusted P ≤ 0.01 relative to all three WT controls were called as DMRs.
Visualization and analysis of DNA methylation levels. The overlaps between the clsy DMRs and reduced 24nt-siRNA clusters were determined using bedops 71 (-element-of 1), and the heat map indicating the percentage of overlap in Fig. 3a was generated using the Morpheus online tool. The overlaps between DMRs called in different genotypes were determined using bedops (-element-of 1) and visualized as Venn diagrams generated as described for the smRNA analyses. The DNA methylation levels over reduced 24nt-siRNA clusters or DMRs were determined using the HOMER tool suite. For these analyses, tag directories were made from each of the methyl CG, CHG and CHH wig files in two steps. First, the wig files were converted into the tag format recognized by HOMER using a custom script (parseWig_noChr.v2.pl) and then the tag directories were generated using the HOMER makeTagDirectory script (-precision 3 -t). Using these tag directories, the percentage of methylation over the desired genomic regions (for example, reduced 24nt-siRNA clusters or DMRs) were determined using the HOMER annotatePeaks.pl script (-ratio -len 1). These methylation levels were then used to generate box plots in R using RStudio.
RNA isolation, real-time PCR, mRNA-seq library construction, sequencing and data processing. RNA isolation. Four unopened flower buds (stage 12 and younger) were collected from the same individual plants as used for the smRNA-seq and methylC-seq analyses, and total RNA was isolated using the Quick-RNA MiniPrep kit (Zymo Research, cat. no. R1055). For the reverse transcriptase quantitative PCR (RT-qPCR) assays, 1.0 μ g of DNase I-treated total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems, cat. no.4374967). The RT-qPCR assays were conducted using the iTaq Universal SYBR Green Mix (Bio-Rad, cat. no.172-5124) with a CFX384 real-time system (Bio-Rad). The cDNA levels of target genes were normalized to that of actin2, and the error bars represent the standard error between three 1 nature research | life sciences reporting summary Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity. 
Data exclusions
Describe any data exclusions. No data were excluded from our analysis.
Replication
Describe whether the experimental findings were reliably reproduced.
small RNA seq:
Two biological replicates of the clsy single mutants were assayed and these replicates gave highly reproducible results (see Fig 1 and Supplemental Fig 1i) .
For the single, double and quadruple clsy mutant, two sets of different alleles were utilized and gave similar results (see Supplementary Figure 3 ).
For all the single, double, and quadruple mutants, the differential expression of siRNA clusters was determined relative to 3 biological replicates from WT plants.
mRNA-seq:
For each genotype, two biological replicates are included and used for the DESeq2 analysis (see Supplemental Table 1 ).
methylC-seq:
To control for natural variation in DNA methylation known to occur even between isogenic backgrounds, we sequenced 3 biological replicates from wild-type (WT) plants along with a single replicate for the mutants. Next, we mapped the reads using BSseeker2 and removed the clonal reads by picard. We then compared the methylation profiles in each mutant to all 3 WT controls, keeping only Differentially Methylated Regions (DMRs) identified relative to all 3 WT samples with FC≥40%, 20%, or 10% for CG, CHG, and CHH DMRs, respectively, with an FDR≤0.01. (see Fig. 3a and Supplementary Table 7) ChIP-seq:
As indicated in Supplmentary Table 10 , we have independent replicates for the WT_IP, NRPD1-3xFLAG_IP and NRPD1-3xFLAG_input samples. For the NRPD1-3XFLAG_IP experiments in the clsy mutants we do not have replicates, however, the results from the single mutants were consistent with that of the corresponding double and quadruple mutants, which confirmed each other.
In all cases attempts at replication were successful.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
For FWA assay, we randomly arranged the plants with different genetic background in the growth chamber to account for potential position-based effects on plant growth.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Blinding was not relevant to this study as nearly all analyses were based on illumina sequencing, and thus were not prone to individual/subjective biases.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
Software
Policy information about availability of computer code
